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Simple Summary: Nasopharyngeal carcinoma is distinguished from other head and neck carcinomas
by the association of its carcinogenesis with the Epstein—Barr virus. It is highly metastatic, and a
novel therapeutic modality for metastatic nasopharyngeal carcinoma is keenly awaited. Protein
farnesylation is a C-terminal lipid modification of proteins and was initially investigated as a key
process in activating the RAS oncoprotein through its association with the cellular membrane struc-
ture. Since then, more and more evidence has accumulated to indicate that proteins other than RAS
are also farnesylated and have significant roles in carcinogenesis. This review delineates molecular
pathogenesis through protein farnesylation in the context of nasopharyngeal carcinoma and discusses
the potential of farnesylation as a therapeutic target.

Abstract: Nasopharyngeal carcinoma (NPC) is one of the Epstein—Barr virus (EBV)-associated ma-
lignancies. NPC is highly metastatic compared to other head and neck carcinomas, and evidence
has shown that the metastatic features of NPC are involved in EBV infection. The prognosis of ad-
vanced cases, especially those with distant metastasis, is still poor despite advancements in molecular
research and its application to clinical settings. Thus, further advancement in basic and clinical
research that may lead to novel therapeutic modalities is needed. Farnesylation is a lipid modification
in the C-terminus of proteins. It enables proteins to attach to the lipid bilayer structure of cellular
membranes. Farnesylation was initially identified as a key process of membrane association and
activation of the RAS oncoprotein. Farnesylation is thus expected to be an ideal therapeutic target
in anti-RAS therapy. Additionally, more and more molecular evidence has been reported, showing
that proteins other than RAS are also farnesylated and have significant roles in cancer progression.
However, although several clinical trials have been conducted in cancers with high rates of ras gene
mutation, such as pancreatic carcinomas, the results were less favorable than anticipated. In contrast,
favorable outcomes were reported in the results of a phase II trial on head and neck carcinoma. In
this review, we provide an overview of the molecular pathogenesis of NPC in terms of the process of
farnesylation and discuss the potential of anti-farnesylation therapy in the treatment of NPC.

Keywords: nasopharyngeal carcinoma; Epstein—Barr virus; farnesylation; farnesyltransferase
inhibitor; RAS

1. Introduction

Nasopharyngeal carcinoma (NPC) is endemic in the southern part of China and
Southeast Asia. In contrast, its incidence is rather low in Western countries, as well as in
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Japan [1]. NPC is a highly metastatic malignancy compared with other head and neck
carcinomas. The most common initial symptom of NPC is a neck mass, which results
from cervical lymph node metastasis [2,3]. Therefore, systemic chemotherapy is a key
modality in the treatment of NPC. However, NPC differs greatly from other head and neck
carcinomas in its carcinogenesis. Epstein—Barr virus (EBV) infection has been characterized
as a trigger for carcinogenesis in virtually all cases of NPC, regardless of whether it is
endemic or non-endemic for the regions. EBV persists in NPC tissue predominantly as a
latent infection termed latency type II, where its expression is restricted to certain viral
genes: latent membrane protein 1 (LMP1), LMP2, nuclear antigen 1 (EBNA1), EBV-encoded
RNAs (EBERs), and microRNAs (miRNAs) encoded in the BamHI rightward transcript
(BART) region [2-5].

Of those protein products of viral genes, LMP1 is a primary oncoprotein of EBV and
plays an important role in the carcinogenesis of NPC [6]. The protein consists of 386 amino
acids that self-associate in the plasma membrane. It contains the structure of a terminal
cytoplasmic end, transmembrane region with six hydrophobic domains, and two main
signaling domains in the carboxyl-terminus called carboxyl-terminal activating regions
1 and 2 (CTAR1 and 2) [7]. LMP1 acts independently of a ligand as a constitutively active
tumor necrosis factor (TNF) receptor. The signaling is mediated by binding of CTAR1 or
CTAR2 with adaptor molecules. CTAR1 binds TNF-receptor-associated factors (TRAFs),
and CTAR?2 binds the TNF-receptor-associated death domain or the receptor-interacting
protein (RIP) [8-10]. LMP1 activates several signaling pathways known in cancer progres-
sion, including the NF-«B [11,12], mitogen-activated protein kinase (MAPK) [13], c-Jun
N-terminal kinase (JNK) [14], and phosphatidylinositol 3-kinase (PI3K)-Akt pathways [15].
Additionally, cellular markers associated with G /S cell cycle transition are mediated by
LMP1 [16]. These properties of LMP1 account for EBV’s properties of transformation and
oncogenesis. For example, LMP1 activates several oncoproteins, such as MMP9, IL-8,
FGF-2, Twist, and Cox-2, through the NF-«B pathway [17-21].

Recent global epidemiological analysis showed that the mortality rate of NPC cases
has decreased and the survival rate has increased, probably due to advancements in diag-
nostic techniques, chemotherapy, and radiotherapy [22,23], but the prognosis of advanced
cases, especially those with distant metastasis, is still poor [24]. Immune checkpoint in-
hibitors (ICls) are anti-cancer agents with a completely novel mechanism that is different
from those of conventional cytotoxic, hormonal, or molecularly targeted agents. In the late
2010s, anti-programmed cell death (PD-1) antibodies such as nivolumab [25,26] and pem-
brolizumab [27] were introduced into the therapy of head and neck carcinomas, including
NPC. However, the efficacy of those agents against NPC is limited, with an overall objective
response rate (ORR) of around 20% [28]. The efficacy is extremely low against tumors with
low expression of programmed cell death ligand 1 (PD-L1), a ligand of PD-1 [27,28]. These
facts indicate that novel therapeutic modalities are required in the treatment of NPC.

Farnesylation is a post-translational modification that attaches a lipid structure called
a farnesyl group to the C-terminus of proteins [29-31]. Initially, farnesylation was investi-
gated as a process to activate the RAS oncoprotein [32,33], and it was thus considered a
therapeutic target in anti-RAS cancer therapy. Several clinical trials were conducted, with
relatively promising results [34-37], but the results were not as favorable as expected. How-
ever, it was recently reported that an inhibitor of farnesylation showed promising results
against H-RAS mutated head and neck carcinoma, both in cell lines and xenograft models
and in clinical trials [38,39]. In addition, molecular evidence of the farnesylation of proteins
other than RAS and its association with carcinogenesis has also been discovered [40,41].
Several reports demonstrate an association of farnesylation and NPC [42,43]. These reports
suggest that protein farnesylation is also a potential therapeutic target in NPC.

In this review, we provide an overview of current reports on the molecular func-
tions of farnesylated proteins, not limited to the RAS oncoprotein, in the context of NPC
carcinogenesis and the potential use of anti-farnesylation therapy for NPC.
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2. RAS Oncoproteins and Farnesylation

The ras genes were initially discovered as oncogenes of rodent retroviruses. Later, the
same ras oncogenes were identified in human cancers, and a mutated ras oncogene activates
its transforming property in several varieties of human cancers [44,45]. These findings
suggest that the mutation of a ras oncogene is one of the key steps of carcinogenesis
in human cancers. There are three mammalian ras genes: the H-ras, N-ras, and K-ras
genes [46]. These three ras genes yield four RAS proteins: H-RAS, N-RAS, K-RAS4A,
and K-RAS4B. The alternative splicing of the fourth exon of the K-ras gene produces two
K-RAS proteins [47]. In a specific tumor, ras gene mutations are generally limited to only
one of the three genes [48]. Which RAS isoform is mutated depends on the tissue and
tumor type [49,50]. RAS proteins belong to the G protein family, members of which bind
guanosine 5'-diphosphate (GDP) or guanosine 5'-triphosphate (GTP) [51-53]. RAS proteins
are bound to GTP in exchange for GDP when activated [49,54]. Activated RAS activates
multiple signaling pathways, including the Raf-MEK-ERK, PI3-K, Norel, PLCe¢, Tiam1, and
Ral pathways [55,56]. These pathways are implicated in RAS-mediated carcinogenesis.

RAS proteins must be bound to the cellular membrane to transduce extracellular signals
and to exert transformational activity [57,58]. Farnesylation of RAS is reported to be a
crucial mechanism for its association to membrane structures [32,33,59,60]. Furthermore, the
inhibition of farnesylation was shown to have anti-tumor activity in mouse models [61,62].
Since then, blocking farnesylation has been recognized as a potential target for cancer
therapy through inhibition of RAS activity [30].

3. Farnesylation, Its Biosynthesis, and Membrane Association by Farnesylation

Farnesylation was originally identified as an activation process of RAS proteins [32,33].
It is a lipid modification that attaches a farnesyl group to the thiol group of the cysteine
residue of the CAAX motif (in which “C” is cysteine, “A” is aliphatic amino acid, and
“X” is usually serine, methionine, glutamine, alanine, or threonine) in the C-terminus of
a protein [29-31]. The farnesyl group is transferred to the protein by farnesyl transferase
(FTase) and covalently bound to the cysteine residue of the CAAX motif. The AAX sequence
is then removed though proteolysis by RAS-converting enzyme 1 (Rcel). Finally, the now-C-
terminal cysteine is a-carboxymethylated by isoprenylcysteine carboxy methyltransferase
(Iecmt) [63]. The attached farnesyl group serves as a hydrophobic “tail” with high affinity
to lipid bilayer structures. Thus, farnesylation is an essential process to mediate both
protein—protein and membrane-protein interactions (Figure 1) [40,41].

CAAX — @ BAAX

Inactive RAS \ Farnesyl Group
Farnesyl Transferase Ploteoly51s (Reel)
+ Farnesyl Pyrophosphate
‘j ARX

P—P

Carbolymetylation (Icmt)

/ /

Cell Membrane

Figure 1. Schematics of farnesylation and membrane association of RAS oncoprotein. RAS processing
and membrane association is critical for its transforming activity. C-terminus of RAS protein is
first fanesylated followed by proteolysis, carbocxymetylation. C = cysteine, A = aliphatic amino
acid, X = any amino acid, Icmt, isoprenylcysteine carboxymetyltransferase; Me, metyl group; P-P,
pyrophosphate group; Rcel, RAS-converting enzyme 1.
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Farnesyl pyrophosphate is a 15-carbon lipid that is synthesized via the mevalonate
pathway. Acetyl coenzyme A (Acetyl-CoA) is converted to mevalonate and then to farnesyl
pyrophosphate [41]. The mevalonate pathway is well known for the biosynthesis of
cholesterol, and farnesyl pyrophosphate itself is a precursor of cholesterol [64]. This means
that farnesyl pyrophosphate and cholesterol share a mechanism of biosynthesis, and the
synthesis of farnesyl pyrophosphate is regulated by 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMG-CoA reductase). HMG-CoA reductase is the rate-limiting enzyme of
the mevalonate pathway and is regulated by sterol-mediated feedback or feedback from
nonsterol isoprenoids, including farnesyl pyrophosphate [64].

Initial investigations into farnesylation targeted on the localization of RAS to the
plasma membrane [63,65]. However, the localization of farnesylated protein is not limited
to the plasma membrane; it also includes other membrane structures such as intracellular
membrane organelles [65,66]. Lamin A is a protein required for nuclear envelope archi-
tecture and nuclear function [40]. In the process of maturation of lamin A, its precursor,
prelamin A, localizes to the nuclear lamina through farnesylation [67]. PRL-1, -2, and -3
are protein phosphatases. They are localized to early endosome through farnesylation [68].
Additional examples are the centromeric proteins CENP-E and CENP-FE. They are modified
via farnesylation and participate in cell cycle progression [69,70]. CENP-F is localized to
the nuclear envelope [71]. Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is farnesylated
and localized to endoplasmic reticulum membranes [72].

Farnesylated proteins attach not only to intracellular membrane structures but also to
extracellular membrane structures. It was reported that farnesylation of RAS is required
for the loading of activated RAS to exosome-like nanovesicles in a glioblastoma model [73].
A report on NPC showed that the farnesylation of UCH-L1 is a key process in the biogenesis
of exosomes containing the viral oncoprotein LMP1 [43]. These reports suggest that
farnesylated proteins are also associated with extracellular membrane structures.

4. Proteins Modified by Farnesylation Other Than RAS

RAS is not the only protein modified by farnesylation. More than 20 mammalian
proteins are potentially farnesylated [41,74,75]. Several human proteins known to be
farnesylated are listed in Table 1 [40,47].

Table 1. Farnesylated proteins.

Proteins Functions
H-, K-, N-RAS GTPase, signal transduction
Rho GTPase, signal transduction
Rheb GTPase, signal transduction
PRL family Tyrosine phosphatase
CENP-E Kinesin motor protein
CENP-F Chromosome passenger
HDJ Cochaperone
Nuclar lamins Nuclear envelope protein
UCH-L1 De-ubiquitinating enzyme

One example of a farnesylated protein other than RAS is RhoB, which is a small GTPase
involved in regulation of the actin cytoskeleton, cell motility, and proliferation [76,77].
Other examples are CENP-E and CENP-F, which are farnesylated at the C-terminal CAAX
motif [70]. These proteins are centromeric proteins that function in the mitotic spindle
checkpoint of the cell cycle [69].

In addition, malfunction of the farnesylation process of these proteins may cause
diseases other than cancer. One good example of this occurs with lamin A. In the post-
translational process of lamin A, farnesylation of its precursor, prelamin A, is mandatory.
Malfunction of this process is closely related to the pathogenesis of progeria [78].
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5. Development of Farnesyl Transferase Inhibitors

As a consequence of advances in research, farnesylation has come to be expected as
a potential therapeutic target, not only against RAS, but also against other proteins. This
expectation led to the development of several molecules that can act as farnesyl transferase
inhibitors (FTIs). Those FTIs are classified into several groups.

The first group is the peptidomimetic inhibitors. These inhibitors are analogs of the
CAAX motif and act as competitors for farnesyl transferase binding to the CAAX motif of
the target protein. Initially, these compounds had poor membrane permeability and were
unstable, but they were subsequently refined, and favorable bioavailability and potency
were achieved [30,75].

The second class of FTIs comprises analogs of the farnesyl group. This class of FT1Is has
selective inhibiting activity in vitro but does not have relevant anti-tumor activity in vivo
in animal models [79].

The third class is bisubstrate inhibitors, comprising complexes of analogs of the
farnesyl group and CAAX motif. These inhibitors are highly potent, with anti-tumor
activity observed in vitro and in vivo [80].

Another class is FTIs developed by the screening of drug libraries. For example,
SCH66336, a tricylic inhibitor, and R115777, a nonpeptidomimetic inhibitor, were identified
using this approach [79].

6. Nasopharyngeal Carcinoma and RAS

Activated ras genes have been detected in various human cell lines and in patient
tumor tissues. Mutations of ras genes are found frequently in several cancers, such as
colorectal [81,82], lung [83], and pancreatic [84,85] carcinomas. NPC reports indicate that
mutation of a ras gene is quite rare, occurring in at most 1% of cases [86,87]. Another report
resented the results of a higher proportion of NPC samples harboring ras mutations, around
20% in K-ras [88], although this is still much lower than the rates in pancreatic carcinoma
(around 90%) [89] and in colorectal carcinoma (around 40%) [90]. In another EBV-related
malignancy, NK/T lymphoma, it is also reported that ras mutation is relatively rare [91].

As noted above, LMP1 is a primary oncoprotein on EBV carcinogenesis [6]. On clinical
samples of NPC, LMP1 expression is positively associated with metastasis of NPC [92].
How does LMP1 act on the RAS pathway? One report showed that LMP1 mediates ERK
activation via a RAS-dependent pathway [13]. ERK is an MAPK activated in the Raf-MEK-
ERK pathway, which is a downstream effector of RAS [44,45]. However, another report
demonstrated that LMP1 regulates the Raf-MEK-ERK pathway in a RAS-independent
manner [93]. This discrepancy might be explained by another report that described K-RAS
as being suppressed by miR-1, which is regulated by LMP1 [94]. In other words, LMP1
indirectly activates RAS through the inhibition of miR-1. From these findings, it is probable
that LMP1 is not a direct downstream effector of RAS, but might affect it in an indirect
manner (Figure 2).

RAS mutation is relatively rare in NPC compared to other cancers, and the EBV
oncoprotein LMP1 does not promote RAS, at least not in a direct manner. These findings
on NPC and RAS seem to suggest that RAS-targeted therapy, including the inhibition of
FTase, is useless against NPC. However, there is still potential in anti-RAS therapy. RAS
is reported to be associated with resistance to chemotherapy and radiotherapy (Figure 3).
It is widely accepted that chemotherapy and radiotherapy are important modalities of
NPC therapy [95-97]. Although efficacy of salvage surgery for locally recurrent NPC is
reported [98], indication for surgery is limited due to its anatomical features, so resistance
to chemotherapy and radiotherapy leads directly to poor prognosis. In fact, it is reported
that adjuvant chemotherapy against NPC patients with high risk of residual tumor did not
improve prognosis [99]. The report shows that NPC resistant to initial therapy also tends to
be refractory to following therapies. This means that measures to avoid the chemo-/radio-
resistance are needed.
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Figure 2. Proposed activation process of RAS pathway by EBV oncoprotein LMP1. RAS is not a
downstream effector of LMP1; however, they are indirectly associated. LMP1 activated downstream
effector of RAS, Raf-MEK-ERK pathway. Additionally, LMP1 activate RAS through inhibition of miR-1.

Inactive RAS Farnesylated, activated RAS

| anesylatiox>

Cisplatin Cetuximab Radiation
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Figure 3. Farnesylation in drug resistance of NPC. RAS is activated through farnesylation. Farnesy-
lated RAS promotes drug resistance and radiation resistance.

First, RAS is considered a promotor of anti-cancer-drug resistance. One well-known
example is the anti-EGFR antibody and colorectal cancer. Colorectal cancers that harbor
a mutation in K-ras or N-ras are unlikely to benefit from anti-EGFR antibodies such as
cetuximab or panitumumab [100]. Therefore, evaluating K-ras mutation status is virtually
mandatory when administering anti-EGFR antibody agents to colorectal cancer patients.
There are several reports that RAS and its downstream effectors induce anti-cancer drug
resistance in NPC. Reports suggest that the RAS pathway is related to cisplatin [101,102] or
cetuximab [103] resistance in NPC. Both cisplatin [95,96] and cetuximab [104] are key anti-
cancer agents used in the treatment of NPC. These findings suggest that even if inhibiting
the RAS pathway does not exert direct anti-cancer activity, it might help in avoiding drug
resistance. In fact, it has been reported that isoprenylcysteine carboxymethyltransferase
(Icmt), the enzyme that contributes to the final step of farnesylation, is associated with RAS
activation and chemoresistance in NPPC [105].
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Second, the activation of RAS and its downstream pathway influences radiation resis-
tance. Several studies have shown that the overexpression of RAS proteins induce radiation
resistance [106,107]. In human tumor cell lines, activating mutations of RAS isoforms have
been shown to be closely related to intrinsic radiation resistance [108-110]. It has also been
reported that the RAS downstream pathway is related to radiation resistance. The Raf-
MEK-ERK pathway was implicated in radiation sensitivity. Inhibition of Raf by antisense
c-raf-1 was reported to sensitize radiation resistant human squamous cell carcinoma cells to
irradiation [111]. Additionally, a prostate carcinoma cell line expressing wild-type ras was
found to be more sensitive to irradiation after MEK inhibition [112]. However, an MEK in-
hibitor, PD98059, could not sensitize two bladder cancer cell lines to irradiation [113]. These
reports suggest that the activity of the Raf-MEK-ERK pathway on radiation resistance
might be tissue or organ specific. In NPC, it was reported that the expression of Raf kinase
inhibitory protein (RKIP) altered the radiosensitivity of NPC cell lines by mediating the
Raf-MEK-ERK pathway. The authors demonstrated that overexpression of RKIP sensitized
NPC cell lines to radiation-induced cell death, and underexpression of RKIP protected cells
from radiation-induced cell death. They also noted that the expression status of RKIP in
patients correlated with clinical features and outcome [114]. Another downstream pathway
of RAS that is likely to mediate radiation sensitivity is the PI3K pathway. In one study, the
induction of active PI3K resulted in increased radiation resistance. When a PI3K inhibitor
was administered, this induction of radiation resistance was blocked [115]. Research in
head and neck carcinoma showed that the expression status of PI3K on a clinical specimen
correlates with the local control rate [116]. Additionally, in NPC, it has been reported that
the PI3K pathway is associated with radiation resistance. In one report, a combination of
inhibitors of PI3K and its downstream effector mTOR increased the radiosensitivity of NPC
cell lines. The authors also demonstrated the effect of these inhibitors as radio-sensitizers in
an NPC xenograft model [117]. Another group reported that leucine zipper tumor suppres-
sor 2 (LZTS2) inhibited activation of the PI3K pathway and suppressed radiation resistance.
They also reported that patients with low expression of LZTS2 had poor prognoses [118].
There is also a report focused on hypoxia. Hypoxic cells are resistant to irradiation. The
authors reported that xenografts from cell lines with mutations in H-ras had markedly
improved oxygenation by FIT treatment. In contrast, hypoxia did not improve in xenografts
derived from cell lines without H-ras mutation [119].

7. Farnesylation and Nasopharyngeal Carcinoma

Even though efforts have been made to investigate farnesylation in the context of hu-
man malignancies, reports on farnesylation in NPC and other EBV-associated malignancies
are quite limited. This is probably because efforts have been concentrated on farnesylation
of RAS and malignancies with a high incidence of ras gene mutation, such as pancreatic
carcinoma or colon carcinoma.

There is a report indicating that a combination of FIT and doxorubicin induces apopto-
sis through caspase-dependent early cleavage of the TRAF-1 [42]. In the report, the farnesyl
transferase inhibitor BIM 2001 had only limited toxicity on cells derived from xenografts,
C15 cells and C666-1 cells, but the cytotoxic effect of doxorubicin against C15 and C666-1
was enhanced when combined with BIM 2001.

However, there are several limitations to the report. First, no enhancement of cisplatin
and bleomycin toxicity against both C15 and C666-1 cells was observed when combined
with the same concentration range of BIM 2001. Second, the sensitivity of C666-1 cells to
BIM 2001 was lower than that of C15 cells. A higher concentration of BIM 2001 was required
by C666-1 than by C15 to enhance the toxicity of doxorubicin. In addition, incubation with
the doxorubicin/BIM 2001 combination induced the apoptosis of C15 cells, but not that
of C666-1 cells. These findings suggest that the effect of FTIs against NPC can vary from
patient to patient. Third, the molecular target of BIM 2001 is unclear. It is reported that the
RAS pathway induces cisplatin resistance, as noted above [101,102]. It is probable that the
farnesylation of proteins other than RAS participates in the mechanism.
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We reported that the C-terminal farnesylation of ubiquitin C-terminal hydrolase-L1
(UCH-L1) is associated with the transport of LMP1 to exosomes [43]. Exosomes are ex-
tracellular membrane vesicles 30 to 180 nm in diameter. Proteins, DNA, RNA, and lipids
are loaded on exosomes. [120-122] Those “cargos” are transferred not only to neighbor-
ing cells, but also to distant organs through body fluids [123,124]. With these features,
exosomes have been revealed to be important mediators of cell-to-cell communications
in malignancies [125]. It is reported that LMP1 is secreted to exosomes produced in EBV-
or LMP1-positive cells [125,126] and that EBV modulates the tumor microenvironment
through secretion of viral proteins such as LMP1 to exosomes [127]. These LMP1-positive
exosomes were reported to promote epithelial-mesenchymal transition (EMT) and facilitate
the migration and invasion of donor EBV-negative cells [128]. Additionally, LMP1 increases
the secretion of well-established oncogenic factors, such as FGF-2 [125] and HIF-1« [128].
Our report focused on the biogenesis of LMP1-positive exosomes and the mechanism of
how LMP1 is loaded onto exosomes. We demonstrated that LMP1 is physically associated
with UCH-L1 and that LMP1 is loaded onto exosomes through the process of farnesy-
lation of UCH-L1. Moreover, farnesyl transferase inhibitor FT1-277 reduces the cellular
migration and anchorage-independent growth of EBV-positive cell lines (Figure 4) [43].
However, there are also several limitations to the report. First, the status of UCH-L1 in
the final product of LMP1-positive exosomes is unclear. In other words, it is not clear
whether farnesylated UCH-L1 forms a complex with LMP1 on the LMP1-positive exosomal
membrane or forms transient complexes only in the process of exosomal biogenesis and
dissociates in the final product of LMP1-positive exosomes. Second, it was unclear whether
UCH-L1 was the only protein affected by the inhibition of farnesylation in the experiment.
As noted above, many proteins are affected by farnesylation, and the inhibitory effect of
FTI-277 is not specific to UCH-L1. Thus, the observed inhibition of the transport of LMP1
to exosomes by FT1-277 could be mediated through the farnesylation of a protein other
than UCH-L1. In the experiment, we utilized a C-terminal mutant plasmid of UCH-L1 in
which farnesylation is impaired. This means that the chief mechanism should be mediated
through the farnesylation of UCH-L1.

- /

A LMP1 positive Exosomes
=0 O

Exosomes

Metastatic,
invasive
potential

Figure 4. Farnesylation in metastasis and invasion of NPC in drug resistance of NPC. Fanesytaion of
UCH-L1 plays a role in loading of LMP1 to exosomes. LMP1-positive exosomes promote metastatic,
invasive potential of NPC.

Additionally, research in breast cancer gives us useful suggestions towards the possible
effect of FTIs in NPC. An FTI, tipifarnib, suppressed the expression of HIF-1« and Snail
at a clinically relevant low dose [129]. HIF-1x and Snail are prometastatic transcription
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factors induced by EBV [125,130,131], and tipifarnib showed a favorable result in clinical
trial on head and neck carcinomas [23]. Despite several limitations, these reports show
that protein farnesylation has several roles in the molecular pathogenesis of NPC and is a
potential therapeutic target.

8. Farnesylation as a Therapeutic Target

The fact that farnesylation is crucial for the membrane association and activation
of RAS has prompted a huge effort to develop anti-farnesylation therapy. Farnesyl py-
rophosphate is synthesized via the mevalonate pathway, and HMG-CoA reductase is a
rate-limiting enzyme [41]. “Statins” such as lovastatin or pravastatin are inhibitors of the
enzyme and are currently in clinical use for lowering cholesterol. Therefore, an initial
investigation was conducted to utilize these agents for anti-farnesylation therapy. However,
it was revealed that blocking RAS farnesylation requires a much higher concentration of
lovastatin than the clinically effective concentration used for lowering cholesterol [132].
These findings suggest that utilizing the HMG-CoA reductase inhibitors, including statins,
as RAS-inhibiting anti-cancer agents would be ineffective.

Later, FTTs were initiated as a class of experimental cancer drugs. Several clinical trials
have been conducted on FTIs and relatively favorable results have been obtained in the
early stages [34-36]. However, the overall results were less favorable than anticipated.
A trial on juvenile myelomonocytic leukemia obtained a favorable initial response rate
without increasing toxicity but failed to reduce relapse rates or improve long-term overall
survival [37]. The most disappointing result was obtained in a trial against advanced
pancreatic cancer in which most cases carried K-ras mutant [133].

There are several reasons why FTIs do not work against K-ras mutated cancers. First,
K-RAS4B has much higher affinity to FTases than other isoforms of the RAS protein, which
makes it more difficult for FTIs to deactivate [134,135]. Second, RAS activation by far-
nesylation is bypassed by another isoprenylation process, geranylgranylation. Under
physiological conditions, the post-translational modification of RAS proteins is predom-
inantly farnesylation catalyzed by FTase. However, geranylgeranylation catalyzed by
geranylgeranyl transferase-1 activates K-RAS and N-RAS under FTI treatment [136,137].

Despite these disappointing results, there is still good news. H-RAS is predominantly
activated through farnesylation even under FTIs [136]. Fortunately, head and neck carci-
noma harbors relatively a high incidence rate of mutated H-ras gene compared to other
cancers. The COSMIC database (https:/ /cancer.sanger.ac.uk/cosmic, accessed on 20 March
2022) reports that H-RAS is mutated in 6% of head and neck carcinoma, compared to 1% in
breast and colorectal carcinoma, 0.6% in lung carcinoma, and 0.1% in pancreas carcinoma.

A report demonstrated the efficacy of an FT1, tipifarnib, against head and neck squa-
mous cell carcinomas (HNSCCs) in cell lines and xenograft models [38]. Tipifarnib treat-
ment displaced both mutant and wild-type H-RAS from the membrane structure in these
cell lines. However, proliferation, mortality, and spheroid formation were inhibited only in
H-RAS mutant cell lines. Anti-tumor activity was also assessed in patient-derived xenograft
(PDX) models. H-RAS mutated xenografts were highly sensitive to tipifarnib, and tumor
regression was induced. In contrast, the H-RAS wild-type xenografts proliferated even
under tipifarnib treatment. Recently, the results of a phase II trial of tipifarnib monotherapy
against H-RAS mutated HNSCCs were published. The outcome was favorable, with a
55% objective response rate and tolerable adverse events. The median progression-free
survival was 5.6 months, compared to 3.6 months on the last prior therapy, and the median
overall survival was 15.4 months [39]. This result is quite promising, and several other
clinical trials against HNSCCs are ongoing. Table 2 is the list of clinical trials of FTIs against
HNSCCs including NPC.
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Table 2. List of clinical trials of FTTs against HNSCCs R/M, recurrent or metastatic.

IDs on ClinicalTrials.gov
(accessed on 29 May 2022)

Phase Agents Tumor Types References

NCT02383927
NCT03719690
NCT04997902

Phase 2 Tipifarnib HNSCCs with H-ras mutations [39]
Phase 2 Tipifarnib HNSCCs with H-ras mutations Ongoing trial
Phase1/2  Tipifarnib with Alpelisib PI3KCA or H-ras-dependent R/M HNSCCs Ongoing trial

References

However, there is a limitation in the application to NPC therapy. According to the
COSMIC database, only 1% of NPC cases harbor mutated H-RAS. In fact, there was no
clinical trial of FTIs dedicated to NPC patients as far as we explored on ClinicalTrials.gov
(https://clinicaltrials.gov/, accessed on 29 May 2022). Although it seems that treatment
of NPC with FTIs is ineffective, there is still hope. FTIs might be effective even in the
absence of mutated H-RAS through inhibiting the functions of proteins other than RAS.
In fact, although this is an in vitro study, even cell lines that do not harbor RAS mutations
are sensitive to FTIs [47,50,75]. In addition, FTIs might be effective as chemo- or radio-
sensitizer. An important feature of FTIs is that they have very low toxicity for normal cells
at a concentration sufficient to inhibit the growth of transformed cells [47]. Even if FTIs
are not effective enough for use as a monotherapy, the low toxicity of FTIs means that they
can easily be utilized in combination with other therapeutic measures. In fact, there is an
ongoing clinical trial of a combination of tipifarnib and alpelisib, a PI3K inhibitor. The trial
targeted recurrent/metastatic HNSCCs, and the patients were not limited to those with
increased H-RAS dependency (Table 2).

9. Conclusions

Research on farnesylation was initially focused on the RAS activation process, and
several classes of FTIs were developed. More and more molecular evidence then showed
that proteins other than RAS are also farnesylated, including several oncogenic proteins.
The results of these in vitro and in vivo experiments encouraged clinical trials on FTTs.
Several clinical trials obtained at least partially favorable results, but the overall results
were disappointing.

However, advancements in cancer genomics have opened new paths. Head and
neck carcinomas have a relatively high incidence rate of H-ras mutation, which became
an ideal target of FTIs. Promising results from the application of FTIs to head and neck
carcinomas both in laboratory experiments and clinical trials have been published. To date,
they have focused on H-ras mutated tumors, and application to NPC is limited. However,
it has been shown that several proteins other than RAS participate in EBV oncogenesis
through farnesylation. These findings show the potential of FITs in NPC therapy. Further
advancements and breakthroughs in the research and clinical applications of FTIs for NPC
therapy are awaited.

Author Contributions: Conceptualization, E.K. and T.Y.; writing—original draft preparation, E.K.;
writing—review and editing, S K., HD., MM.-K,, N.H,, TK,, T.U., YN.,, M.H., K.E. and H.S.; visual-
ization, E.K,; supervision, S.K., N.W. and T.Y.; funding acquisition, E.K. and T.Y. All authors have
read and agreed to the published version of the manuscript.

Funding: APC is funded by Japan Society for the Promotion of Science (21K20946).

Conflicts of Interest: The authors declare no conflict of interest.

1. Bray, F; Colombet, M.; Mery, L.; Pifieros, M.; Znaor, A.; Zanetti, R.; Ferlay, ]. Cancer Incidence in Five Continents Volume XI; IARC
Scientific Publications: Lyon, France, 2021; Volume XI, ISBN 978-92-832-2219-4.

2. Yoshizaki, T.; Kondo, S.; Wakisaka, N.; Murono, S.; Endo, K.; Sugimoto, H.; Nakanishi, S.; Tsuji, A.; Ito, M. Pathogenic Role of
Epstein-Barr Virus Latent Membrane Protein-1 in the Development of Nasopharyngeal Carcinoma. Cancer Lett. 2013, 337, 1-7.

[CrossRef] [PubMed]


https://clinicaltrials.gov/
http://doi.org/10.1016/j.canlet.2013.05.018
http://www.ncbi.nlm.nih.gov/pubmed/23689138

Cancers 2022, 14, 2826 11 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kimura, Y.; Suzuki, D.; Tokunaga, T.; Takabayashi, T.; Yamada, T.; Wakisaka, N.; Yoshizaki, T.; Murata, H.; Miwa, K.; Shoujaku, H.;
et al. Epidemiological Analysis of Nasopharyngeal Carcinoma in the Central Region of Japan during the Period from 1996 to
2005. Auris Nasus Larynx 2011, 38, 244-249. [CrossRef] [PubMed]

Raab-Traub, N. Novel Mechanisms of EBV-Induced Oncogenesis. Curr. Opin. Virol. 2012, 2, 453-458. [CrossRef] [PubMed]
Yoshizaki, T.; Wakisaka, N.; Pagano, J.S. Epstein-Barr Virus, Invasion and Metastasis; Robertson, E.S., Ed.; Caister Academic Press:
Norfolk, UK, 2005; ISBN 978-1-904455-03-5.

Shair, K.; Reddy, A.; Cooper, V. New Insights from Elucidating the Role of LMP1 in Nasopharyngeal Carcinoma. Cancers 2018,
10, 86. [CrossRef]

Mainou, B.A,; Everly, D.N.; Raab-Traub, N. Unique Signaling Properties of CTAR1 in LMP1-Mediated Transformation. J. Virol.
2007, 81, 9680-9692. [CrossRef]

Izumi, K.M.; McFarland, E.C.; Ting, A.T; Riley, E.A.; Seed, B.; Kieff, E.D. The Epstein-Barr Virus Oncoprotein Latent Membrane
Protein 1 Engages the Tumor Necrosis Factor Receptor-Associated Proteins TRADD and Receptor-Interacting Protein (RIP) but
Does Not Induce Apoptosis or Require RIP for NF-KappaB Activation. Mol. Cell. Biol. 1999, 19, 5759-5767. [CrossRef]

Izumi, K.M.; Kieff, E.D. The Epstein-Barr Virus Oncogene Product Latent Membrane Protein 1 Engages the Tumor Necrosis Factor
Receptor-Associated Death Domain Protein to Mediate B Lymphocyte Growth Transformation and Activate NF-KappaB. Proc.
Natl. Acad. Sci. USA 1997, 94, 12592-12597. [CrossRef]

Mosialos, G.; Birkenbacht, M.; Yalamanchill, R.; van Arsdale, T.; Ware, C.; Kleff, E. The Epstein-Barr Virus Transforming Protein
LMP1 Engages Signaling Proteins for the Tumor Necrosis Factor Receptor Family. Cell 1995, 80, 389-399. [CrossRef]

Paine, E.; Scheinman, R.I; Baldwin, A.S.; Raab-Traub, N. Expression of LMP1 in Epithelial Cells Leads to the Activation of a
Select Subset of NF-Kappa B/Rel Family Proteins. J. Virol. 1995, 69, 4572-4576. [CrossRef]

Thornburg, N.J.; Kulwichit, W.; Edwards, R.H.; Shair, KH.Y.; Bendt, K.M.; Raab-Traub, N. LMP1 Signaling and Activation of
NF-KappaB in LMP1 Transgenic Mice. Oncogene 2006, 25, 288-297. [CrossRef]

Roberts, M.L.; Cooper, N.R. Activation of a Ras-MAPK-Dependent Pathway by Epstein—Barr Virus Latent Membrane Protein 1 Is
Essential for Cellular Transformation. Virology 1998, 240, 93-99. [CrossRef] [PubMed]

Eliopoulos, A.G.; Young, L.S. Activation of the CJun N-Terminal Kinase (JNK) Pathway by the Epstein-Barr Virus-Encoded Latent
Membrane Protein 1 (LMP1). Oncogene 1998, 16, 1731-1742. [CrossRef] [PubMed]

Mainou, B.A,; Everly, D.N.; Raab-Traub, N. Epstein-Barr Virus Latent Membrane Protein 1 CTAR1 Mediates Rodent and Human
Fibroblast Transformation through Activation of PI3K. Oncogene 2005, 24, 6917-6924. [CrossRef] [PubMed]

Everly, D.N.; Mainou, B.A.; Raab-Traub, N. Induction of Id1 and Id3 by Latent Membrane Protein 1 of Epstein-Barr Virus and
Regulation of P27/Kip and Cyclin-Dependent Kinase 2 in Rodent Fibroblast Transformation. J. Virol. 2004, 78, 13470-13478.
[CrossRef]

Yoshizaki, T.; Sato, H.; Furukawa, M.; Pagano, ].S. The Expression of Matrix Metalloproteinase 9 Is Enhanced by Epstein-Barr
Virus Latent Membrane Protein 1. Proc. Natl. Acad. Sci. USA 1998, 95, 3621-3626. [CrossRef]

Yoshizaki, T.; Horikawa, T.; Qing-Chun, R.; Wakisaka, N.; Takeshita, H.; Sheen, T.; Lee, S.; Sato, H.; Furukawa, M. Induction
of Interleukin-8 by Epstein-Barr Virus Latent Membrane Protein-1 and Its Correlation to Angiogenesis in Nasopharyngeal
Carcinoma. Clin. Cancer Res. 2001, 7, 1946-1951.

Wakisaka, N.; Murono, S.; Yoshizaki, T.; Furukawa, M.; Pagano, J.S. Epstein-Barr Virus Latent Membrane Protein 1 Induces and
Causes Release of Fibroblast Growth Factor-2. Cancer Res. 2002, 62, 6337-6344.

Horikawa, T; Yang, J.; Kondo, S.; Yoshizaki, T.; Joab, L.; Furukawa, M.; Pagano, J.S. Twist and Epithelial-Mesenchymal Transition
Are Induced by the EBV Oncoprotein Latent Membrane Protein 1 and Are Associated with Metastatic Nasopharyngeal Carcinoma.
Cancer Res. 2007, 67,1970-1978. [CrossRef]

Murono, S.; Inoue, H.; Tanabe, T.; Joab, I.; Yoshizaki, T.; Furukawa, M.; Pagano, J.S. Induction of Cyclooxygenase-2 by Ep-
stein-Barr Virus Latent Membrane Protein 1 Is Involved in Vascular Endothelial Growth Factor Production in Nasopharyn-geal
Carcinoma Cells. Proc. Natl. Acad. Sci. USA 2001, 98, 6905-6910. [CrossRef]

Tang, L.L.; Chen, W.Q.; Xue, W.Q.; He, Y.Q.; Zheng, R.S.; Zeng, Y.X.; Jia, W.H. Global Trends in Incidence and Mortality of
Nasopharyngeal Carcinoma. Cancer Lett. 2016, 374, 22-30. [CrossRef]

Bossi, P.; Chan, A.T.; Licitra, L.; Trama, A.; Orlandi, E.; Hui, E.P.; Halamkov4, J.; Mattheis, S.; Baujat, B.; Hardillo, J.; et al.
Nasopharyngeal Carcinoma: ESMO-EURACAN Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann.
Oncol. 2021, 32, 452-465. [CrossRef] [PubMed]

Kanno, M.; Narita, N.; Fujimoto, Y.; Wakisaka, N.; Yoshizaki, T.; Kodaira, T.; Makita, C.; Sato, Y.; Yamazaki, K.; Wakaoka, T.; et al.
Third Epidemiological Analysis of Nasopharyngeal Carcinoma in the Central Region of Japan from 2006 to 2015. Cancers 2019,
11, 1180. [CrossRef] [PubMed]

Ferris, R.L.; Blumenschein, G.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.; Vokes, E.E.; Even, C.;
et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N. Engl. ]. Med. 2016, 375, 1856-1867. [CrossRef]
[PubMed]

Ferris, R.L.; Blumenschein, G.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.J.; Kasper, S.; Vokes, E.E.; Even, C,;
et al. Nivolumab vs Investigator’s Choice in Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck: 2-Year
Long-Term Survival Update of CheckMate 141 with Analyses by Tumor PD-L1 Expression. Oral Oncol. 2018, 81, 45-51. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.anl.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20817430
http://doi.org/10.1016/j.coviro.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22858118
http://doi.org/10.3390/cancers10040086
http://doi.org/10.1128/JVI.01001-07
http://doi.org/10.1128/MCB.19.8.5759
http://doi.org/10.1073/pnas.94.23.12592
http://doi.org/10.1016/0092-8674(95)90489-1
http://doi.org/10.1128/jvi.69.7.4572-4576.1995
http://doi.org/10.1038/sj.onc.1209023
http://doi.org/10.1006/viro.1997.8901
http://www.ncbi.nlm.nih.gov/pubmed/9448693
http://doi.org/10.1038/sj.onc.1201694
http://www.ncbi.nlm.nih.gov/pubmed/9582021
http://doi.org/10.1038/sj.onc.1208846
http://www.ncbi.nlm.nih.gov/pubmed/16007144
http://doi.org/10.1128/JVI.78.24.13470-13478.2004
http://doi.org/10.1073/pnas.95.7.3621
http://doi.org/10.1158/0008-5472.CAN-06-3933
http://doi.org/10.1073/pnas.121016998
http://doi.org/10.1016/j.canlet.2016.01.040
http://doi.org/10.1016/j.annonc.2020.12.007
http://www.ncbi.nlm.nih.gov/pubmed/33358989
http://doi.org/10.3390/cancers11081180
http://www.ncbi.nlm.nih.gov/pubmed/31443218
http://doi.org/10.1056/NEJMoa1602252
http://www.ncbi.nlm.nih.gov/pubmed/27718784
http://doi.org/10.1016/j.oraloncology.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29884413

Cancers 2022, 14, 2826 12 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Burtness, B.; Harrington, K.J.; Greil, R.; Soulieres, D.; Tahara, M.; de Castro, G.; Psyrri, A.; Basté, N.; Neupane, P.; Bratland, A
et al. Pembrolizumab Alone or with Chemotherapy versus Cetuximab with Chemotherapy for Recurrent or Metastatic Squamous
Cell Carcinoma of the Head and Neck (KEYNOTE-048): A Randomised, Open-Label, Phase 3 Study. Lancet 2019, 394, 1915-1928.
[CrossRef]

Ma, B.B.Y,; Lim, W.T.; Goh, B.C.; Hui, E.P; Lo, KW.; Pettinger, A.; Foster, N.R.; Riess, ].W.; Agulnik, M.; Chang, A.Y.C.; et al.
Antitumor Activity of Nivolumab in Recurrent and Metastatic Nasopharyngeal Carcinoma: An International, Multicenter Study
of the Mayo Clinic Phase 2 Consortium (NCI-9742). J. Clin. Oncol. 2018, 36, 1412-1418. [CrossRef]

Lerner, E.C.; Qian, Y.; Blaskovich, M.A.; Fossum, R.D.; Vogt, A.; Sun, J.; Cox, A.D.; Der, C.J.; Hamilton, A.D.; Sebti, S.M. Ras
CAAX Peptidomimetic FTI-277 Selectively Blocks Oncogenic Ras Signaling by Inducing Cytoplasmic Accumulation of Inactive
Ras-Raf Complexes. J. Biol. Chem. 1995, 270, 26802-26806. [CrossRef]

Sebti, S.M.; Hamilton, A.D. Farnesyltransferase and Geranylgeranyltransferase I Inhibitors and Cancer Therapy: Lessons from
Mechanism and Bench-to-Bedside Translational Studies. Oncogene 2000, 19, 6584—-6593. [CrossRef]

Prendergast, G.C.; Oliff, A. Farnesyltransferase Inhibitors: Antineoplastic Properties, Mechanisms of Action, and Clinical
Prospects. Semin. Cancer Biol. 2000, 10, 443—452. [CrossRef]

Hancock, ].E; Magee, A.IL; Childs, J.E.; Marshall, C.J. All Ras Proteins Are Polyisoprenylated but Only Some Are Palmitoylated.
Cell 1989, 57, 1167-1177. [CrossRef]

Casey, PJ.; Solski, P.A.; Der, C.J.; Buss, J.E. P21ras Is Modified by a Farnesyl Isoprenoid. Proc. Natl. Acad. Sci. USA 1989, 86,
8323-8327. [CrossRef] [PubMed]

Adjei, A.A.; Erlichman, C.; Davis, ].N.; Cutler, D.L.; Sloan, J.A.; Marks, R.S.; Hanson, L.].; Svingen, P.A.; Atherton, P; Bishop, WR,;
et al. A Phase I Trial of the Farnesyl Transferase Inhibitor SCH66336: Evidence for Biological and Clinical Activity. Cancer Res.
2000, 60, 1871-1877. [PubMed]

Kerklaan, B.M.; Diéras, V.; le Tourneau, C.; Mergui-Roelvink, M.; Huitema, A.D.R.; Rosing, H.; Beijnen, J.H.; Marreaud, S.;
Govaerts, A.-S.; Piccart-Gebhart, M.].; et al. Phase I Study of Lonafarnib (SCH66336) in Combination with Trastuzumab plus
Paclitaxel in Her2/Neu Overexpressing Breast Cancer: EORTC Study 16023. Cancer Chemother. Pharmacol. 2013, 71, 53-62.
[CrossRef] [PubMed]

Andreopoulou, E.; Vigoda, 1.S.; Valero, V.; Hershman, D.L.; Raptis, G.; Vahdat, L.T.; Han, H.S.; Wright, ].J.; Pellegrino, C.M.;
Cristofanilli, M.; et al. Phase I-II Study of the Farnesyl Transferase Inhibitor Tipifarnib plus Sequential Weekly Paclitaxel and
Doxorubicin—Cyclophosphamide in HER2 /Neu-Negative Inflammatory Carcinoma and Non-Inflammatory Estrogen Receptor-
Positive Breast Carcinoma. Breast Cancer Res. Treat. 2013, 141, 429-435. [CrossRef]

Stieglitz, E.; Ward, A.E; Gerbing, R.B.; Alonzo, T.A.; Arceci, R.J.; Liu, Y.L.; Emanuel, P.D.; Widemann, B.C.; Cheng, JW,;
Jayaprakash, N.; et al. Phase II/III Trial of a Pre-Transplant Farnesyl Transferase Inhibitor in Juvenile Myelomonocytic Leukemia:
A Report from the Children’s Oncology Group. Pediatr. Blood Cancer 2015, 62, 629-636. [CrossRef]

Gilardi, M.; Wang, Z.; Proietto, M.; Chilla, A.; Calleja-Valera, J.L.; Goto, Y.; Vanoni, M.; Janes, M.R.; Mikulski, Z.; Gualberto, A.;
et al. Tipifarnib as a Precision Therapy for HRAS-Mutant Head and Neck Squamous Cell Carcinomas. Mol. Cancer Ther. 2020, 19,
1784-1796. [CrossRef]

Ho, A.L,; Brana, [.; Haddad, R.; Bauman, J.; Bible, K.; Oosting, S.; Wong, D.J.; Ahn, M.].; Boni, V.; Even, C.; et al. Tipifarnib in
Head and Neck Squamous Cell Carcinoma with HRAS Mutations. J. Clin. Oncol. 2021, 39, 1856-1864. [CrossRef]

Novelli, G.; D’Apice, M.R. Protein Farnesylation and Disease. J. Inherit. Metab. Dis. 2012, 35, 917-926. [CrossRef]

McTaggart, S.J. Isoprenylated Proteins. Cell. Mol. Life Sci. 2006, 63, 255-267. [CrossRef]

Vicat, ].-M.; Ardila-Osorio, H.; Khabir, A.; Brezak, M.-C.; Viossat, I.; Kasprzyk, P; Jlidi, R.; Opolon, P.; Ooka, T.; Prevost, G.; et al.
Apoptosis and TRAF-1 Cleavage in Epstein-Barr Virus-Positive Nasopharyngeal Carcinoma Cells Treated with Doxorubicin
Combined with a Farnesyl-Transferase Inhibitor. Biochem. Pharmacol. 2003, 65, 423-433. [CrossRef]

Kobayashi, E.; Aga, M.; Kondo, S.; Whitehurst, C.; Yoshizaki, T.; Pagano, ].S.; Shackelford, ]. C-Terminal Farnesylation of UCH-L1
Plays a Role in Transport of Epstein-Barr Virus Primary Oncoprotein LMP1 to Exosomes. mSphere 2018, 3, €00030-18. [CrossRef]
[PubMed]

Malumbres, M.; Barbacid, M. RAS Oncogenes: The First 30 Years. Nat. Rev. Cancer 2003, 3, 459-465. [CrossRef] [PubMed]

Cox, A.D.; Der, C.J. Ras History: The Saga Continues. Small GTPases 2010, 1, 2-27. [CrossRef]

Shimizu, K.; Goldfarb, M.; Suard, Y.; Perucho, M.; Li, Y.; Kamata, T.; Feramisco, J.; Stavnezer, E.; Fogh, J.; Wigler, M.H. Three
Human Transforming Genes Are Related to the Viral Ras Oncogenes. Proc. Natl. Acad. Sci. USA 1983, 80, 2112-2116. [CrossRef]
[PubMed]

Brunner, T.B.; Hahn, S.M.; Gupta, A.K,; Muschel, R.]J.; Mckenna, W.G.; Bernhard, E.]. Farnesyltransferase Inhibitors: An Overview
of the Results of Preclinical and Clinical Investigations. Cancer Res. 2003, 63, 5656-5668. [PubMed]

Baum, C.; Kirschmeier, P. Preclinical and Clinical Evaluation of Farnesyltransferase Inhibitors. Curr. Oncol. Rep. 2003, 5, 99-107.
[CrossRef]

Rowinsky, E.K.; Windle, ].J.; von Hoff, D.D. Ras Protein Farnesyltransferase: A Strategic Target for Anticancer Therapeutic
Development. J. Clin. Oncol. 1999, 17, 3631-3652. [CrossRef]

Adjei, A.A. Blocking Oncogenic Ras Signaling for Cancer Therapy. J. Natl. Cancer Inst. 2001, 93, 1062-1074. [CrossRef]

Scolnick, E.M.; Papageorge, A.G.; Shih, T.Y. Guanine Nucleotide-Binding Activity as an Assay for Src Protein of Rat-Derived
Murine Sarcoma Viruses. Proc. Natl. Acad. Sci. USA 1979, 76, 5355-5359. [CrossRef]


http://doi.org/10.1016/S0140-6736(19)32591-7
http://doi.org/10.1200/JCO.2017.77.0388
http://doi.org/10.1074/jbc.270.45.26802
http://doi.org/10.1038/sj.onc.1204146
http://doi.org/10.1006/scbi.2000.0335
http://doi.org/10.1016/0092-8674(89)90054-8
http://doi.org/10.1073/pnas.86.21.8323
http://www.ncbi.nlm.nih.gov/pubmed/2682646
http://www.ncbi.nlm.nih.gov/pubmed/10766174
http://doi.org/10.1007/s00280-012-1972-1
http://www.ncbi.nlm.nih.gov/pubmed/23053259
http://doi.org/10.1007/s10549-013-2704-x
http://doi.org/10.1002/pbc.25342
http://doi.org/10.1158/1535-7163.MCT-19-0958
http://doi.org/10.1200/JCO.20.02903
http://doi.org/10.1007/s10545-011-9445-y
http://doi.org/10.1007/s00018-005-5298-6
http://doi.org/10.1016/S0006-2952(02)01449-1
http://doi.org/10.1128/mSphere.00030-18
http://www.ncbi.nlm.nih.gov/pubmed/29435490
http://doi.org/10.1038/nrc1097
http://www.ncbi.nlm.nih.gov/pubmed/12778136
http://doi.org/10.4161/sgtp.1.1.12178
http://doi.org/10.1073/pnas.80.8.2112
http://www.ncbi.nlm.nih.gov/pubmed/6572964
http://www.ncbi.nlm.nih.gov/pubmed/14522880
http://doi.org/10.1007/s11912-003-0096-5
http://doi.org/10.1200/JCO.1999.17.11.3631
http://doi.org/10.1093/jnci/93.14.1062
http://doi.org/10.1073/pnas.76.10.5355

Cancers 2022, 14, 2826 13 of 16

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.
80.

81.

82.

Willingham, M.C; Pastan, I.; Shih, T.Y.; Scolnick, E.M. Localization of the Src Gene Product of the Harvey Strain of MSV to Plasma
Membrane of Transformed Cells by Electron Microscopic Immunocytochemistry. Cell 1980, 19, 1005-1014. [CrossRef]
Papageorge, A.; Lowy, D.; Scolnick, EIM. Comparative Biochemical Properties of P21 Ras Molecules Coded for by Viral and
Cellular Ras Genes. J. Virol. 1982, 44, 509-519. [CrossRef] [PubMed]

Hurley, ].B.; Simon, M.L; Teplow, D.B.; Robishaw, J.D.; Gilman, A.G. Homologies between Signal Transducing G Proteins and Ras
Gene Products. Science 1984, 226, 860-862. [CrossRef] [PubMed]

Wood, K.W,; Sarnecki, C.; Roberts, T.M.; Blenis, J. Ras Mediates Nerve Growth Factor Receptor Modulation of Three Signal-
Transducing Protein Kinases: MAP Kinase, Raf-1, and RSK. Cell 1992, 68, 1041-1050. [CrossRef]

Hagemann, C.; Blank, J.L. The Ups and Downs of MEK Kinase Interactions. Cell. Signal. 2001, 13, 863-875. [CrossRef]
Willumsen, B.M.; Christensen, A.; Hubbert, N.L.; Papageorge, A.G.; Lowy, D.R. The P21 Ras C-Terminus Is Required for
Transformation and Membrane Association. Nature 1984, 310, 583-586. [CrossRef] [PubMed]

Willumsen, B.; Norris, K.; Papageorge, A.; Hubbert, N.; Lowy, D. Harvey Murine Sarcoma Virus P21 Ras Protein: Biological and
Biochemical Significance of the Cysteine Nearest the Carboxy Terminus. EMBO ]. 1984, 3, 2581-2585. [CrossRef]

Schafer, W.R.; Kim, R.; Sterne, R.; Thorner, J.; Kim, S.H.; Rine, J. Genetic and Pharmacological Suppression of Oncogenic Mutations
in Ras Genes of Yeast and Humans. Science 1989, 245, 379-385. [CrossRef]

Schafer, W.R; Trueblood, C.E.; Yang, C.C.; Mayer, M.P.; Rosenberg, S.; Poulter, C.D.; Kim, S.H.; Rine, J. Enzymatic Coupling of
Cholesterol Intermediates to a Mating Pheromone Precursor and to the Ras Protein. Science 1990, 249, 1133-1139. [CrossRef]
Nagasu, T.; Yoshimatsu, K.; Rowell, C.; Lewis, M.; Garcia, A. Inhibition of Human Tumor Xenograft Growth by Treatment with
the Farnesyl Transferase Inhibitor B956. Cancer Res. 1995, 55, 5310-5314.

Kohl, N.E.; Omer, C.A.; Davide, ].P,; Hamilton, K.; Koblan, K.S.; Kral, A.M.; Miller, P.J.; Mosser, S.D.; O'neill, T.J.; Rands, E.; et al.
Inhibition of Farnesyltransferase Induces Regression of Mammary and Salivary Carcinomas in Ras Transgenic Mice. Nat. Med.
1995, 1, 792-797. [CrossRef]

Prior, I.A.; Hancock, J.F. Compartmentalization of Ras Proteins. J. Cell Sci. 2001, 114, 1603-1608. [CrossRef] [PubMed]
Goldstein, J.L.; Brown, M.S. Regulation of the Mevalonate Pathway. Nature 1990, 343, 425-430. [CrossRef] [PubMed]

Hancock, J.E; Cadwallader, K.; Paterson, H.; Marshall, C.J. A CAAX or a CAAL Motif and a Second Signal Are Sufficient for
Plasma Membrane Targeting of Ras Proteins. EMBO J. 1991, 10, 4033. [CrossRef]

Resh, M.D. Trafficking and Signaling by Fatty-Acylated and Prenylated Proteins. Nat. Chem. Biol. 2006, 2, 584-590. [CrossRef]
Lutz, R.J.; Trujillo, M.A.; Denham, K.S.; Wenger, L.; Sinensky, M. Nucleoplasmic Localization of Prelamin A: Implications for
Prenylation-Dependent Lamin A Assembly into the Nuclear Lamina. Proc. Natl. Acad. Sci. USA 1992, 89, 3000-3004. [CrossRef]
Zeng, Q.; Si, X.; Horstmann, H.; Xu, Y.; Hong, W.; Pallen, C.J. Prenylation-Dependent Association of Protein-Tyrosine Phosphatases
PRL-1, -2, and -3 with the Plasma Membrane and the Early Endosome. J. Biol. Chem. 2000, 275, 21444-21452. [CrossRef] [PubMed]
Tamanoi, F.; Kato-Stankiewicz, J.; Jiang, C.; Machado, I.; Thapar, N. Farnesylated Proteins and Cell Cycle Progression. J. Cell.
Biochem. Suppl. 2001, 84 (Suppl. S37), 64-70. [CrossRef]

Ashar, H.R.; James, L.; Gray, K.; Carr, D.; Black, S.; Armstrong, L.; Bishop, W.R.; Kirschmeier, P. Farnesyl Transferase Inhibitors
Block the Farnesylation of CENP-E and CENP-F and Alter the Association of CENP-E with the Microtubules. J. Biol. Chem. 2000,
275, 30451-30457. [CrossRef]

Hussein, D.; Taylor, S.S. Farnesylation of Cenp-F Is Required for G2/M Progression and Degradation after Mitosis. J. Cell Sci.
2002, 115, 3403-3414. [CrossRef]

Liu, Z.; Meray, R K.; Grammatopoulos, T.N.; Fredenburg, R.A.; Cookson, M.R; Liu, Y.; Logan, T.; Lansbury, P.T. Membrane-
Associated Farnesylated UCH-L1 Promotes Alpha-Synuclein Neurotoxicity and Is a Therapeutic Target for Parkinson’s Disease.
Proc. Natl. Acad. Sci. USA 2009, 106, 4635-4640. [CrossRef]

Luhtala, N.; Aslanian, A ; Yates, ].R.; Hunter, T. Secreted Glioblastoma Nanovesicles Contain Intracellular Signaling Proteins and
Active Ras Incorporated in a Farnesylation-Dependent Manner. J. Biol. Chem. 2017, 292, 611-628. [CrossRef] [PubMed]
Maurer-Stroh, S.; Koranda, M.; Benetka, W.; Schneider, G.; Sirota, F.L.; Eisenhaber, F. Towards Complete Sets of Farnesylated and
Geranylgeranylated Proteins. PLoS Comput. Biol. 2007, 3, 634-648. [CrossRef] [PubMed]

Cox, A.D,; Der, C.J. Farnesyltransferase Inhibitors and Cancer Treatment: Targeting Simply Ras? Biochim. Biophys. Acta 1997, 1333,
F51-F71. [CrossRef]

Ellis, S.; Mellor, H. Regulation of Endocytic Traffic by Rho Family GTPases. Trends Cell Biol. 2000, 10, 85-88. [CrossRef]
Adamson, P.; Marshall, C.; Hall, A.; Tilbrook, P. Post-Translational Modifications of P21rho Proteins. J. Biol. Chem. 1992, 267,
20033-20038. [CrossRef]

Worman, H.J.; Fong, L.G.; Muchir, A.; Young, S.G. Laminopathies and the Long Strange Trip from Basic Cell Biology to Therapy. J.
Clin. Investig. 2009, 119, 1825-1836. [CrossRef] [PubMed]

Leonard, D.M. Ras Farnesyltransferase: A New Therapeutic Target. ]. Med. Chem. 1997, 40, 2971-2990. [CrossRef]

Manne, V.; Yan, N.; Carboni, J.; Tuomari, A.; Ricca, C.; Brown, J.; Andahazy, M.; Schmidt, R.; Patel, D.; Zahler, R. Bisubstrate
Inhibitors of Farnesyltransferase: A Novel Class of Specific Inhibitors of Ras Transformed Cells. Oncogene 1995, 10, 1763-1779.
Bos, J.L.; de Vries, M.V; van der Eb, A ].; Fearon, E.R.; Vogelstein, B.; Hamilton, S.R.; van Boom, J.H. Prevalence of Ras Gene
Mutations in Human Colorectal Cancers. Nature 1987, 327, 293-297. [CrossRef]

Forrester, K.; Allmoguera, C.; Perucho, M.; Han, K.; Grizzle, W.E. Detection of High Incidence of K-Ras Oncogenes during Human
Colon Tumorigenesis. Nature 1987, 327, 298-303. [CrossRef]


http://doi.org/10.1016/0092-8674(80)90091-4
http://doi.org/10.1128/jvi.44.2.509-519.1982
http://www.ncbi.nlm.nih.gov/pubmed/6292515
http://doi.org/10.1126/science.6436980
http://www.ncbi.nlm.nih.gov/pubmed/6436980
http://doi.org/10.1016/0092-8674(92)90076-O
http://doi.org/10.1016/S0898-6568(01)00220-0
http://doi.org/10.1038/310583a0
http://www.ncbi.nlm.nih.gov/pubmed/6087162
http://doi.org/10.1002/j.1460-2075.1984.tb02177.x
http://doi.org/10.1126/science.2569235
http://doi.org/10.1126/science.2204115
http://doi.org/10.1038/nm0895-792
http://doi.org/10.1242/jcs.114.9.1603
http://www.ncbi.nlm.nih.gov/pubmed/11309191
http://doi.org/10.1038/343425a0
http://www.ncbi.nlm.nih.gov/pubmed/1967820
http://doi.org/10.1002/j.1460-2075.1991.tb04979.x
http://doi.org/10.1038/nchembio834
http://doi.org/10.1073/pnas.89.7.3000
http://doi.org/10.1074/jbc.M000453200
http://www.ncbi.nlm.nih.gov/pubmed/10747914
http://doi.org/10.1002/jcb.10067
http://doi.org/10.1074/jbc.M003469200
http://doi.org/10.1242/jcs.115.17.3403
http://doi.org/10.1073/pnas.0806474106
http://doi.org/10.1074/jbc.M116.747618
http://www.ncbi.nlm.nih.gov/pubmed/27909058
http://doi.org/10.1371/journal.pcbi.0030066
http://www.ncbi.nlm.nih.gov/pubmed/17411337
http://doi.org/10.1016/S0304-419X(97)00011-5
http://doi.org/10.1016/S0962-8924(99)01710-9
http://doi.org/10.1016/S0021-9258(19)88661-1
http://doi.org/10.1172/JCI37679
http://www.ncbi.nlm.nih.gov/pubmed/19587457
http://doi.org/10.1021/jm970226l
http://doi.org/10.1038/327293a0
http://doi.org/10.1038/327298a0

Cancers 2022, 14, 2826 14 of 16

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Rodenhuis, S.; van de Wetering, M.L.; Mooi, W.J.; Evers, S.G.; van Zandwijk, N.; Bos, J.L. Mutational Activation of the K-Ras
Oncogene. A Possible Pathogenetic Factor in Adenocarcinoma of the Lung. N. Engl. J. Med. 1987, 317, 929-935. [CrossRef]
[PubMed]

Smit, VT.H.B.M.; Boot, A.J.M.; Smits, AM.M.; Fleuren, G.J.; Cornelisse, C.J.; Bos, J].L. KRAS Codon 12 Mutations Occur Very
Frequently in Pancreatic Adenocarcinomas. Nucleic Acids Res. 1988, 16, 7773-7782. [CrossRef] [PubMed]

Almoguera, C.; Shibata, D.; Forrester, K.; Martin, J.; Arnheim, N.; Perucho, M. Most Human Carcinomas of the Exocrine Pancreas
Contain Mutant C-K-Ras Genes. Cell 1988, 53, 549-554. [CrossRef]

Yung, W.C.W,; Sham, ].5.T.; Choy, D.T.K.; Ng, M.H. Ras Mutations Are Uncommon in Nasopharyngeal Carcinoma. Eur. ]. Cancer
B Oral Oncol. 1995, 31B, 399-400. [CrossRef]

Wang, H.Y,; Li, F; Liu, N.; Liu, X.Y.; Yang, X.H.; Guo, Y.M.; Bei, ] X.; Zeng, Y.X.; Shao, ].Y. Prognostic Implications of a Molecular
Classifier Derived from Whole-Exome Sequencing in Nasopharyngeal Carcinoma. Cancer Med. 2019, 8, 2705-2716. [CrossRef]
Li, Y.Y,; Chung, G.T.Y;; Lui, VW.Y,; To, K.E; Ma, B.B.Y.; Chow, C.; Woo, ] K.S,; Yip, K.Y;; Seo, J.; Hui, E.P; et al. Exome and Genome
Sequencing of Nasopharynx Cancer Identifies NF-xB Pathway Activating Mutations. Nat. Commun. 2017, 8, 14121. [CrossRef]
Mann, K.M.; Ying, H.; Juan, ].; Jenkins, N.A.; Copeland, N.G. KRAS-Related Proteins in Pancreatic Cancer. Pharmacol. Ther. 2016,
168, 29-42. [CrossRef]

Zhu, G,; Pei, L.; Xia, H.; Tang, Q.; Bi, F. Role of Oncogenic KRAS in the Prognosis, Diagnosis and Treatment of Colorectal Cancer.
Mol. Cancer 2021, 20, 143. [CrossRef]

Takahara, M.; Kishibe, K.; Bandoh, N.; Nonaka, S.; Harabuchi, Y. P53, N- and K-Ras, and Beta-Catenin Gene Mutations and
Prognostic Factors in Nasal NK/T-Cell Lymphoma from Hokkaido, Japan. Hum. Pathol. 2004, 35, 86-95. [CrossRef]

Zhao, Y.; Wang, Y.; Zeng, S.; Hu, X. LMP1 Expression Is Positively Associated with Metastasis of Nasopharyngeal Carcinoma:
Evidence from a Meta-Analysis. . Clin. Pathol. 2012, 65, 41-45. [CrossRef]

Dawson, C.W,; Laverick, L.; Morris, M.A.; Tramoutanis, G.; Young, L.S. Epstein-Barr Virus-Encoded LMP1 Regulates Epithelial
Cell Motility and Invasion via the ERK-MAPK Pathway. J. Virol. 2008, 82, 3654-3664. [CrossRef] [PubMed]

Chen, X.; Shi, J.; Zhong, J.; Huang, Z.; Luo, X.; Huang, Y.; Feng, S.; Shao, J.; Liu, D. MiR-1, Regulated by LMP1, Suppresses Tumour
Growth and Metastasis by Targeting K-Ras in Nasopharyngeal Carcinoma. Int. J. Exp. Pathol. 2015, 96, 427-432. [CrossRef]
[PubMed]

Al-Sarraf, M.; LeBlanc, M.; Giri, PG.; Fu, KK.; Cooper, J.; Vuong, T.; Forastiere, A.A.; Adams, G.; Sakr, W.A ; Schuller, D.E,; et al.
Chemoradiotherapy versus Radiotherapy in Patients with Advanced Nasopharyngeal Cancer: Phase III Randomized Intergroup
Study 0099. J. Clin. Oncol. 1998, 16, 1310-1317. [CrossRef] [PubMed]

Fuwa, N.; Kodaira, T.; Daimon, T.; Yoshizaki, T. The Long-Term Outcomes of Alternating Chemoradiotherapy for Locoregionally
Advanced Nasopharyngeal Carcinoma: A Multiinstitutional Phase II Study. Cancer Med. 2015, 4, 1186-1195. [CrossRef] [PubMed]
Zhang, Z.-].; Shi, L.-L.; Hong, X.-H.; Xiao, B.-Y,; Lin, G.-H.; Liu, Q.; Wang, B.-C. A Bayesian Network Meta-Analysis of the
Primary Definitive Therapies for Locoregionally Advanced Nasopharyngeal Carcinoma: IC+CCRT, CCRT+AC, and CCRT Alone.
PLoS ONE 2022, 17, €0265551. [CrossRef] [PubMed]

Liu, Y.P; Wen, Y.H.; Tang, J.; Wei, Y.; You, R.; Zhu, X.L.; Li, J.; Chen, L.; Ling, L.; Zhang, N.; et al. Endoscopic Surgery Compared
with Intensity-Modulated Radiotherapy in Resectable Locally Recurrent Nasopharyngeal Carcinoma: A Multicentre, Open-Label,
Randomised, Controlled, Phase 3 Trial. Lancet Oncol. 2021, 22, 381-390. [CrossRef]

Chan, A.T.C; Hui, E.P; Ngan, RK.C; Tung, S.Y.; Cheng, A.CK,; Ng, W.T,; Lee, VH.E; Ma, B.B.Y.; Cheng, H.C.; Wong, FC.S.; et al.
Analysis of Plasma Epstein-Barr Virus DNA in Nasopharyngeal Cancer After Chemoradiation to Identify High-Risk Patients for
Adjuvant Chemotherapy: A Randomized Controlled Trial. J. Clin. Oncol. 2018, 36, 3091-3100. [CrossRef]

Sorich, M.]J.; Wiese, M.D.; Rowland, A.; Kichenadasse, G.; McKinnon, R.A.; Karapetis, C.S. Extended RAS Mutations and
Anti-EGFR Monoclonal Antibody Survival Benefit in Metastatic Colorectal Cancer: A Meta-Analysis of Randomized, Controlled
Trials. Ann. Oncol. 2015, 26, 13-21. [CrossRef]

Liu, E; Tai, Y.; Ma, J. LncRNA NEAT1/Let-7a-5p Axis Regulates the Cisplatin Resistance in Nasopharyngeal Carcinoma by
Targeting Rsf-1 and Modulating the Ras-MAPK Pathway. Cancer Biol. Ther. 2018, 19, 534-542. [CrossRef]

Zhang, Y.; Zhao, Y.; Liu, L.; Su, H.; Dong, D.; Wang, ].; Zhang, Y.; Chen, Q.; Li, C. MicroRNA-19b Promotes Nasopharyngeal
Carcinoma More Sensitive to Cisplatin by Suppressing KRAS. Technol. Cancer Res. Treat. 2018, 17, 1-8. [CrossRef]

Zuo, Q.; Shi, M.; Chen, J.; Liao, W. The Ras Signaling Pathway Mediates Cetuximab Resistance in Nasopharyngeal Carcinoma.
Biomed. Pharmacother. 2011, 65, 168-174. [CrossRef] [PubMed]

Chen, X,; Liang, R.; Zhu, X. Anti-EGFR Therapies in Nasopharyngeal Carcinoma. Biomed. Pharmacother. 2020, 131, 110649.
[CrossRef] [PubMed]

Zhu, Y,; Hu, Q.; Li, H. Isoprenylcysteine Carboxylmethyltransferase Is Associated with Nasopharyngeal Carcinoma Chemoresis-
tance and Ras Activation. Biochem. Biophys. Res. Commun. 2019, 516, 784-789. [CrossRef] [PubMed]

McKenna, W.G.; Weiss, M.C.; Bakanauskas, V.J.; Sandler, H.; Kelsten, M.L.; Biaglow, J.; Tuttle, SW.; Endlich, B.; Ling, C.C,;
Muschel, R.J. The Role of the H-Ras Oncogene in Radiation Resistance and Metastasis. Int. ]. Radiat. Oncol. Biol. Phys. 1990, 18,
849-859. [CrossRef]

McKenna, W.; Weiss, M.; Endlich, B.; Ling, C.; Bakanauskas, V.; Kelsten, M.; Muschel, R.J. Synergistic Effect of the V-Myc
Oncogene with H-Ras on Radioresistance. Cancer Res. 1990, 50, 97-102.


http://doi.org/10.1056/NEJM198710083171504
http://www.ncbi.nlm.nih.gov/pubmed/3041218
http://doi.org/10.1093/nar/16.16.7773
http://www.ncbi.nlm.nih.gov/pubmed/3047672
http://doi.org/10.1016/0092-8674(88)90571-5
http://doi.org/10.1016/0964-1955(95)00046-1
http://doi.org/10.1002/cam4.2146
http://doi.org/10.1038/ncomms14121
http://doi.org/10.1016/j.pharmthera.2016.09.003
http://doi.org/10.1186/s12943-021-01441-4
http://doi.org/10.1016/j.humpath.2003.08.025
http://doi.org/10.1136/jclinpath-2011-200198
http://doi.org/10.1128/JVI.01888-07
http://www.ncbi.nlm.nih.gov/pubmed/18199641
http://doi.org/10.1111/iep.12162
http://www.ncbi.nlm.nih.gov/pubmed/26852690
http://doi.org/10.1200/JCO.1998.16.4.1310
http://www.ncbi.nlm.nih.gov/pubmed/9552031
http://doi.org/10.1002/cam4.469
http://www.ncbi.nlm.nih.gov/pubmed/25991077
http://doi.org/10.1371/journal.pone.0265551
http://www.ncbi.nlm.nih.gov/pubmed/35303014
http://doi.org/10.1016/S1470-2045(20)30673-2
http://doi.org/10.1200/JCO.2018.77.7847
http://doi.org/10.1093/annonc/mdu378
http://doi.org/10.1080/15384047.2018.1450119
http://doi.org/10.1177/1533033818793652
http://doi.org/10.1016/j.biopha.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21602020
http://doi.org/10.1016/j.biopha.2020.110649
http://www.ncbi.nlm.nih.gov/pubmed/32836074
http://doi.org/10.1016/j.bbrc.2019.06.074
http://www.ncbi.nlm.nih.gov/pubmed/31253403
http://doi.org/10.1016/0360-3016(90)90407-B

Cancers 2022, 14, 2826 15 of 16

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Bernhard, E.; McKenna, W.; Hamilton, A.; Sebti, S.; Qian, Y.; Wu, J.; Muschel, R. Inhibiting Ras Prenylation Increases the
Radiosensitivity of Human Tumor Cell Lines with Activating Mutations of Ras Oncogenes. Cancer Res. 1998, 58, 1754-1761.
Hermens, A.; Bentvelzen, P.A. Influence of the H-Ras Oncogene on Radiation Responses of a Rat Rhabdomyosarcoma Cell Line.
Cancer Res. 1992, 52, 3073-3082.

Bernhard, E.; Stanbridge, E.; Gupta, S.; Gupta, A.; Soto, D.; Bakanauskas, V.; Cerniglia, G.J.; Muschel, R.; McKenna, W. Direct
Evidence for the Contribution of Activated N-Ras and K-Ras Oncogenes to Increased Intrinsic Radiation Resistance in Human
Tumor Cell Lines. Cancer Res. 2000, 60, 6597—-6600.

Kasid, U.; Pfeifer, A.; Brennan, T.; Beckett, M.; Weichselbaum, R.R.; Dritschilo, A.; Mark, G.E. Effect of Antisense C-Raf-1 on
Tumorigenicity and Radiation Sensitivity of a Human Squamous Carcinoma. Science 1989, 243, 1354-1356. [CrossRef]

Hagan, M.; Wang, L.; Hanley, J.; Park, J.; Dent, P. Ionizing Radiation-Induced Mitogen-Activated Protein (MAP) Kinase Activation
in DU145 Prostate Carcinoma Cells: MAP Kinase Inhibition Enhances Radiation-Induced Cell Killing and G2/M-Phase Arrest.
Radiat. Res. 2000, 153, 371-383. [CrossRef]

Gupta, A.; Bernhard, E.; Bakanauskas, V.; Wu, J.; Muschel, R.; McKenna, W.G. RAS-Mediated Radiation Resistance Is Not Linked
to MAP Kinase Activation in Two Bladder Carcinoma Cell Lines. Radiat. Res. 2000, 154, 64-72. [CrossRef]

Ruan, L.; Wang, G.L.; Yi, H.; Chen, Y; Tang, C.E.; Zhang, PF; Li, M.Y,; Li, C; Peng, F; Li, ].N.; et al. Raf Kinase Inhibitor Protein
Correlates with Sensitivity of Nasopharyngeal Carcinoma to Radiotherapy. J. Cell. Biochem. 2010, 110, 975-981. [CrossRef]
[PubMed]

Gupta, A.; Bakanauskas, V.; Cerniglia, G.; Cheng, Y.; Bernhard, E.J.; Muschel, R.; McKenna, W.G. The Ras Radiation Resistance
Pathway. Cancer Res. 2001, 61, 4278-4282.

Gupta, A K.;; McKenna, W.G.; Weber, C.N.; Feldman, M.D.; Goldsmith, ].D.; Mick, R.; Machtay, M.; Rosenthal, D.I.; Ba-kanauskas,
V.J.; Cerniglia, G.J.; et al. Local Recurrence in Head and Neck Cancer: Relationship to Radiation Resistance and Signal
Transduction. Clin. Cancer Res. 2002, 8, 885-892. [PubMed]

Liu, T; Sun, Q.; Li, Q.; Yang, H.; Zhang, Y.; Wang, R.; Lin, X,; Xiao, D.; Yuan, Y.; Chen, L.; et al. Dual PI3K/MTOR Inhibitors,
GSK2126458 and PKI-587, Suppress Tumor Progression and Increase Radiosensitivity in Nasopharyngeal Carcinoma. Mol. Cancer
Ther. 2015, 14, 429-439. [CrossRef] [PubMed]

Xu, S.; Li, Y;; Lu, Y.; Huang, J.; Ren, J.; Zhang, S.; Yin, Z.; Huang, K.; Wu, G.; Yang, K. LZTS2 Inhibits PI3K/AKT Activation and
Radioresistance in Nasopharyngeal Carcinoma by Interacting with P85. Cancer Lett. 2018, 420, 38—48. [CrossRef]
Cohen-Jonathan, E.; Evans, S.; Koch, C.; Muschel, R.; McKenna, W.; Wu, J.; Bernhard, E. The Farnesyltransferase Inhibitor
L744,832 Reduces Hypoxia in Tumors Expressing Activated H-Ras. Cancer Res. 2001, 61, 2289-2293.

Choi, D.-S.; Kim, D.-K,; Kim, Y.-K.; Gho, Y.S. Proteomics of Extracellular Vesicles: Exosomes and Ectosomes. Mass Spectrom. Rev.
2015, 34, 474-490. [CrossRef]

Lee, M.-]; Park, D.-H.; Kang, ].-H. Exosomes as the Source of Biomarkers of Metabolic Diseases. Ann. Pediatr. Endocrinol. Metab.
2016, 21, 119. [CrossRef]

van der Pol, E.; Boing, A.N.; Harrison, P; Sturk, A.; Nieuwland, R. Classification, Functions, and Clinical Relevance of Extracellular
Vesicles. Pharmacol. Rev. 2012, 64, 676-705. [CrossRef]

Properzi, F.; Logozzi, M.; Fais, S. Exosomes: The Future of Biomarkers in Medicine. Biomark. Med. 2013, 7, 769-778. [CrossRef]
[PubMed]

Raimondo, S.; Corrado, C.; Raimondi, L.; de Leo, G.; Alessandro, R. Role of Extracellular Vesicles in Hematological Malignancies.
BioMed Res. Int. 2015, 2015, 821613. [CrossRef] [PubMed]

Ceccarelli, S.; Visco, V,; Raffa, S.; Wakisaka, N.; Pagano, J.S.; Torrisi, M.R. Epstein-Barr Virus Latent Membrane Protein 1 Promotes
Concentration in Multivesicular Bodies of Fibroblast Growth Factor 2 and Its Release through Exosomes. Int. J. Cancer 2007, 121,
1494-1506. [CrossRef] [PubMed]

Nanbo, A.; Kawanishi, E.; Yoshida, R.; Yoshiyama, H. Exosomes Derived from Epstein-Barr Virus-Infected Cells Are Internalized
via Caveola-Dependent Endocytosis and Promote Phenotypic Modulation in Target Cells. ]. Virol. 2013, 87, 10334-10347.
[CrossRef]

Meckes, D.G.; Gunawardena, H.P.; Dekroon, R.M.; Heaton, PR.; Edwards, R.H.; Ozgur, S.; Griffith, ].D.; Damania, B.; Raab-Traub,
N. Modulation of B-Cell Exosome Proteins by Gamma Herpesvirus Infection. Proc. Natl. Acad. Sci. USA 2013, 110, E2925-E2933.
[CrossRef]

Aga, M.; Bentz, G.L.; Raffa, S.; Torrisi, M.R.; Kondo, S.; Wakisaka, N.; Yoshizaki, T.; Pagano, ].S.; Shackelford, J. Exosomal HIF1o
Supports Invasive Potential of Nasopharyngeal Carcinoma-Associated LMP1-Positive Exosomes. Oncogene 2014, 33, 4613—-4622.
[CrossRef]

Tanaka, T.; Ikegami, Y.; Nakazawa, H.; Kuriyama, N.; Oki, M.; Hanai, J.; Sukhatme, V.P.; Kaneki, M. Low-Dose Farnesyltransferase
Inhibitor Suppresses HIF-1ox and Snail Expression in Triple-Negative Breast Cancer MDA-MB-231 Cells In Vitro. J. Cell. Physiol.
2017, 232, 192-201. [CrossRef]

Wakisaka, N.; Kondo, S.; Yoshizaki, T.; Murono, S.; Furukawa, M.; Joseph, S.; Pagano, ].S. Epstein-Barr Virus Latent Mem-brane
Protein 1 Induces Synthesis of Hypoxia-Inducible Factor 1 «. Mol. Cell. Biol. 2004, 24, 5223-5234. [CrossRef]

Horikawa, T.; Yoshizaki, T.; Kondo, S.; Furukawa, M.; Kaizaki, Y.; Pagano, J.S. Epstein-Barr Virus Latent Membrane Pro-tein 1
Induces Snail and Epithelial-Mesenchymal Transition in Metastatic Nasopharyngeal Carcinoma. Br. |. Cancer 2011, 104, 1160-1167.
[CrossRef]


http://doi.org/10.1126/science.2466340
http://doi.org/10.1667/0033-7587(2000)153[0371:IRIMAP]2.0.CO;2
http://doi.org/10.1667/0033-7587(2000)154[0064:RMRRIN]2.0.CO;2
http://doi.org/10.1002/jcb.22611
http://www.ncbi.nlm.nih.gov/pubmed/20564197
http://www.ncbi.nlm.nih.gov/pubmed/11895923
http://doi.org/10.1158/1535-7163.MCT-14-0548
http://www.ncbi.nlm.nih.gov/pubmed/25504751
http://doi.org/10.1016/j.canlet.2018.01.067
http://doi.org/10.1002/mas.21420
http://doi.org/10.6065/apem.2016.21.3.119
http://doi.org/10.1124/pr.112.005983
http://doi.org/10.2217/bmm.13.63
http://www.ncbi.nlm.nih.gov/pubmed/24044569
http://doi.org/10.1155/2015/821613
http://www.ncbi.nlm.nih.gov/pubmed/26583135
http://doi.org/10.1002/ijc.22844
http://www.ncbi.nlm.nih.gov/pubmed/17546597
http://doi.org/10.1128/JVI.01310-13
http://doi.org/10.1073/pnas.1303906110
http://doi.org/10.1038/onc.2014.66
http://doi.org/10.1002/jcp.25411
http://doi.org/10.1128/MCB.24.12.5223-5234.2004
http://doi.org/10.1038/bjc.2011.38

Cancers 2022, 14, 2826 16 of 16

132.

133.

134.

135.

136.

137.

Sinensky, M.; Beck, L.; Leonard, S.; Evans, R. Differential Inhibitory Effects of Lovastatin on Protein Isoprenylation and Sterol
Synthesis. J. Biol. Chem. 1990, 265, 19937-19941. [CrossRef]

Macdonald, J.S.; McCoy, S.; Whitehead, R.P; Igbal, S.; Wade, J.L.; Giguere, ].K.; Abbruzzese, J.L. A Phase II Study of Farnesyl
Transferase Inhibitor R115777 in Pancreatic Cancer: A Southwest Oncology Group (SWOG 9924) Study. Investig. New Drugs 2005,
23,485-487. [CrossRef]

James, G.L.; Goldstein, ].L.; Brown, M.S. Polylysine and CVIM Sequences of K-RasB Dictate Specificity of Prenylation and Confer
Resistance to Benzodiazepine Peptidomimetic In Vitro. J. Biol. Chem. 1995, 270, 6221-6226. [CrossRef]

Fiordalisi, ].J.; Johnson, R.L.; Weinbaum, C.A.; Sakabe, K.; Chen, Z.; Casey, PJ.; Cox, A.D. High Affinity for Farnesyltransferase
and Alternative Prenylation Contribute Individually to K-Ras4B Resistance to Farnesyltransferase Inhibitors. J. Biol. Chem. 2003,
278, 41718-41727. [CrossRef]

Whyte, D.B.; Kirschmeier, P.; Hockenberry, T.N.; Nunez-Oliva, I.; James, L.; Catino, ].J.; Bishop, W.R.; Pai, ].K. K- and N-Ras Are
Geranylgeranylated in Cells Treated with Farnesyl Protein Transferase Inhibitors. J. Biol. Chem. 1997, 272, 14459-14464. [CrossRef]
Rowell, C.A.; Kowalczyk, ].].; Lewis, M.D.; Garcia, A.M. Direct Demonstration of Geranylgeranylation and Farnesylation of
Ki-Ras In Vivo. J. Biol. Chem. 1997, 272, 14093-14097. [CrossRef]


http://doi.org/10.1016/S0021-9258(17)45464-0
http://doi.org/10.1007/s10637-005-2908-y
http://doi.org/10.1074/jbc.270.11.6221
http://doi.org/10.1074/jbc.M305733200
http://doi.org/10.1074/jbc.272.22.14459
http://doi.org/10.1074/jbc.272.22.14093

	Introduction 
	RAS Oncoproteins and Farnesylation 
	Farnesylation, Its Biosynthesis, and Membrane Association by Farnesylation 
	Proteins Modified by Farnesylation Other Than RAS 
	Development of Farnesyl Transferase Inhibitors 
	Nasopharyngeal Carcinoma and RAS 
	Farnesylation and Nasopharyngeal Carcinoma 
	Farnesylation as a Therapeutic Target 
	Conclusions 
	References

